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ABSTRACT 

Unoer certain conditions, inlets with a sharp edge or geometric corner have 
been shown to exhibit sufficiently strong separation effects to permit the working 
fluid to flow through the duct as if it were a "free jet." 

Mass limiting flow data and associated pressure profiles for tubes of 53, 64, 
73, and 105 L/D with a 90° - sharp edge or orifice type inlet were taken and ‘ * 
compared to Borda type inlet data to determine bounds of the "free jet" phenomena. 
For smooth tubes the limits appear to be one dimensional and dependent only on 
inlet stagnation conditions. The upper L/D boundary is related by 

C 1.8 X 10~^ (L/D)^-® 

w.iere = ^o'^^c I’educcd stagnation pressure and Tp - t /T is re- 
duced stagSation tempeiature (for fluid nitrogen, T^ -- 126.3 & and° p '^- 3.417 
MPa). Thw lower bound appears to be saturation conditions at the inlet. 

Similar "free jet" effects were found for fluid hydrogen indicating that fluid 
jetting may be common to all fluids flowing through 90° - sharp edge inlet 
geometries. 


INTRODUCTION 

The stability of seals, bearings and shaft dampers depends critically on the 
pressure profiles within the clearance passages. The pressure profiles which 
provide the restoring forces and stiffness in some passages are critically de- 
pendent on inlet geometry and fluid stagnation pressure and temperature, ^n nearly 
all cases, simple geometries or combinations of simple geometries are used. ‘ 

The 90 orifice mlet type is one of the most common sharp edge inlet geom- 
etrieo, yet represents a very strong degree of discontinuity in the streamline as 
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can be noted fi’om the potential flow solutions for several simple two dimensional 
geometries, found In references 1 and 2. 

The simple Inlet geometry which causes a full reversal In the streamline and 
represents the strongest degree of discontinuity Is called the Borda Inlet. The 
pressure profiles and mass limiting flow characteristics for a 53 L/D Box'da tube 
were Investigated In reference 3 and extended to 64, 73, and 105 L/D In referenee 4, 
using fluids nitrogen and hydrogen over a large range, of Inlet stagnation conditions. 
Under certain conditions (P^, the discontinuity (separation) was sufficiently 
strong to permit the fluid to flow through the tube as if it were a free jet for over 
105 L/ D, as evidenced by the ’’flat*' pressure pi'oflle and illustrated on figure 1. 
Under these conditions, the pressure plummets to below the saturation pres- 
sure followed by an initial recompression (recovery) (recovery and recompression 
will be used Interchangeably until the physical mechanism is better understood) 
and remains nearly constant throughout the remainder of the tube - actually the 
pressure increased over the length to nearly (T^^) at the exit. The con- 

trast with the conventional gaseous case is substantial. For other conditions 
(P^, Tq^) the pressure would plummet and recover as before but then a zone of 
secondary recompression (recovery) W'ould occur somewhere within the tube and 
the pressure would drop to near P^„. (T„ ) at the exit. 

Since the occurrence of the free jet and the movement of the secondary re- 
compression zone can affect large changes in axial pressure profiles (large 
changes in forces) it Is necessary to know under what conditions one can expect 
the pressure profile to be (1) "flat", (li) recompressed within the tube or, (ill) be- 
have like a gas. In reference 3 it was found that gas like Dehavlor can be ex- 
pected where Tj^^ > 1.2, and a critei'ion was pi'oposed to detex'mlne where sec- 
ondary recompression occurred within the 53 L/D Borda tube. The expression 
for this locus was given as: 


P 



( 1 ) 


where 


C=3.6 (2) 

In reference 4 three constraints were found: L/D, minimum stagnation 
pressure and surface roughness (e) which govern the secondary recompression 
locus of eq. (1). The effect of L/D on the geometric constant C was Investi- 
gated at 64, 73 and 105 L/D and with the 53 L/D data of I'cference 3. It was 
found for smooth tubes that: 

C(L/D, e) = 1.7x10“*^ (L/D)^*^ (3) 


a 


and Cx’om limited data, roughness (e) increased fh.> effective L/D, i , increased 
C, however no quantitative assessment was g)\en. The nunwnum stagnation pres- 
sure is the saturation or pseudo- saturation pressure and is gi\on by the criterioii 


°min 


l^sut<To) I 


P T 

pseudo Rq > 1 


(4) 


For pressures greater than Pj^ calculated by eqs. (1) and (3), and greater 
than Pq _ determined by eq. (4), the free jet phenomena can be expected to 
occur anaThe pressure profile will be "flat;'' for pressures less than those calcu- 
lated from eqs. (1) to (4), secondary recompi'ession will occur within the tube. 

It should be noted that the occui'rance of the secondary recempression zone 
within the tube depends only on inlet stagnation conditions and the geometric 
parameter C, but the influence of inlet geometiy is unknown. 

In this paper we propose to extend the work of reference 4 to the 90®- sharp 
edge inlet. As in references 3 and 4, we elected to study the effect of L/D in 
smooth (polished) tubes, as polished surfaces are common in seals and bearings. 

The primary woi’king fluid is nitrogen with some runs made with fluid hydro- 
gen. These data will enable one to extend some results to other fluids. 


APPARATUS AND INSTRUMENTATION 

The basic flow facility was of the blowdown type and is described in detail in 
reference 5. A photograph of the installed 53 L/ D- 90®- sharp edge inlet test sec- 
tion (fig. 2) illustrates the pressure taps and associated plumbing. The flow was 
upward, around the U and downward througli the test section The flow rates 
were metered using a venturi flowmeter located in the bottom of the storage tank. 
Inlet stagnation conditions were measured in a mixing chamber not shown in fig- 
ure 2, 

The test sections consisted of three coniponent.s. the 90® sharp edge inlet 
(fig. 3). an extension piece and the fixed dilfuser which were very caretully 
assembled to form a tube (fig, 4). The length ot the cxten.sion tube was varied 
to produce the desired L/D. Photographs of these test sections are given as 
figui’es 5(a) to (d). The apparatus and instrumentation is essentially that used in 
reference 3. Only a brief dcsci’iption will be given here for convenience. All 
test sections had several local pressure taps, three stagnation pressures, and 
a backpressure which were us id to establish the axial pn-ssure profiles. The tap 
locations ai’e given in table 


•• • * 
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w bore of test section was. hand lapped using fine emery paper and cutting oil. 
1 C surface was smooth but eccentricities and discontinuities at the joints were 
cv^denl. I’or expediency the joints were tolerated. 


UESULTS AND DISCUSSION 

The procedure will be to first establish an L/D constraint as the upper limit 
to free jet flow in terms of the locii for incipient secondary recompression 
(recovery), and then determine some results which will permit extension to other 


L/D Constraint 

For each of the four test sections (L/D - 53, 64, 73, and 105), see figures 2 
to 5 and table I, critical mass flow rate and pressure profiles will be used to deter- 
mine the range of inlet stagnation conditions where incipient secondary recompression 
(recovery) occurs within the tube with a 90° sharp edge inlet. Each of the figures 

mil be generalized through the use of reducing parameters or corresponding 
states parameters. 


53 L/ D 90 °- Sharp Edge Inlet Tube 

The most extensive set of critical mass flux and pressure profile data ai'e 
for the 53 L/D 90 -sharp edge inlet tube. Figure 6 illustrates the variation of 
critical mass flux as a function of reduced pressure for several isotherms ranging 
to Tj^^ 1. 09 and gas. For a given inlet stagnation isotherm, the departure of 
the pressure profiles from the ^flat" monotone rise throughout the tube length 
signals the incipience or appearance of the zone of secondary recompression for 
that isotherm; care must be taken to determine those inlet stagnation conditions 
under which incipience occurs. Such typical profile sets are illustrated in 
figures 7 and 9 schematically on figure 1. For the nominally 109. 7 K isotherm - 
the pressure drops to (T^)/4 followed by an initial recompression to 

increases in a monotone manner toward P . (T ) at the exit. 
Entropy is a more satisfactory criteria but more difficult to visualize. As the 
inlet stagnation pressure is decreased, the zone of secondary recompression 
occurs within the tube; further decreases in stagnation pressure forces the merger 
oi initial and secondary zones of recompression. 

From a multiplicity of such pressure profile sets as figure 7 (one set for each 
isotherm), the locus of incipient secondary recompression can then be constructed 
as shown in figure 6. Above the locus a free jet occurs and below the locus, 
secondary recompression occurs somewhere within the tube. It is quite evident 
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64 L/D 90‘’-sliarp Edge Jidet Tube 


IJiserting a 5. 38 cm uninstrumented tube between the 90 ° h 
and the fixed diffuser goemetrv innroo « °®^een the 90 -sharp edge inlet 

to 5. Typical critical mass nL and nr! ““ 3 

and 9, respectively. As our main anal i i 'j “f® S*''®” as tigures 8 

secondary recompression the Hf ® ° of incipient 

locus on figure 8. The data seris but sufficient to construct the 

e> «. Ane aata set is given as table III, 

73 L/D 90°- Sharp Edge Inlet Tube 

figures “ *“ '3, see 

Isotherms were again used to csmbT?!!“"‘‘‘ “‘asnation 

toous. The IccusU “tot 1“ “rd7 

table IV. wlthcharactcrlstic pressure profiles as figure 11 “ 

105 L/D 90°- Sharp Edge Inlet Tube 

Indlemed totfor to! sfK ttoet ‘tsT 3 and 4 

tree Jet sustoined in our iaeUitto lt I/D Tyrar'”" ® 

illustrated in figure 12. ’ pressure profiles are 

aooo„r; “sstn tu“ titor d 

inlat tube. The data are given in Jble v 

which ropres7ts to! rettonthreertact ®°”®“'“®t figure 14(a) to (d) 
tolet stagnation, pressure, and temperatuir"^^^ 
data are displayed on figures 14(a) to rdi „,i '• , * ‘ oomparison. similar 

reoompression locus tor toe Borda inlel fiv! ' ' "'® tno'Ptonl .secondary 

cautioned that exact polms ofinti ‘ '• ‘''“f®'' <® firat 

boundaries, a slabillTy pl°bto “. 7'"“"““®® ®t toe free Jei with toe tube 
between incipience and no incipience ittulito w P®®®®“re range 

represented by the form ‘ ^ selected results arc best 


-TT' 


G 


1>„ = C(L/D, q Til (5) 

0 

where G.5 n •' 8.5 imci based on the data herein ajid thoKo of refex’cnee 4, we 
selected n=7. 

I'Sing the intercepts of fig'ui'c.l4, the values of C can be found as a function of 
L/D for smooth tubes. Figure 15 depicts this relation 

C(L/D,e) = C^(L/D)”^ (6) 

where 2. 5 < m < 3. 5 and selecting m = 2. 5 gives Cj^ = 1.8x10“'^. Eqs. (5) 
and (6) established an L/D constraint on inlet stagnation conditions for smooth 
90 -sharp edge inlet tubes*, however, it now appears that roughness plays a 
greater role than percieved, and is discussed in reference 4. 

A comparison of reduced mass flux data for the 90°- sharp edge and Borda 
type inlets, fig^ure 16, reveals some differences at low reduced temperatures; 
however the effect appears less pronounced as 1. And for gases, the data 

of reference 6 at L/D= 2, indicate there to be perhaps 5 percent difference in mass 
flow i*ate between the 90°- sharp edge and Borda geometries. 

Extension to Other Fluids 

ihe extension of these i*esults to other fluids is a necessary step toward any 
general analysis. In an attempt toward generalization several data points were 
taken with fluid hydrogen in the 53 L/D 90°- sharp edge inlet tube, table VI. 

Figure 17 indicates typical pressur. "ofiles which have the same general form 
as for fluid nitrogen, indicating that a fluid jet can be sustained in fluid hydrogen. 
Further, using the corresponding states arguments of references 7 to 9, it Is 
Implied that such jetting phenomena are characteristic of all simple fluids. Both 
nitrogen and hydrogen data indicate that the jetting effect can be quite strong even 
where the inlet stagnation temperature approaches the thermodynamic critical 
temperature (for hydrogen, = 1.293 MPa, = 33 K). It should be noted 
however that the reduced inlet stagnation pressure is quite high, 1. e. , to 6, 
which is over 2 1/2 times larger than our system will permit for fluid nitrogen. 

This of course is another reason to take data with fluid hydrogen, namely to at 
least double the range of application of the reduced results determined with fluid 
niti'ogen. 

The reduced critical mass flux data appear as figure 18, as a function of 
reduced stagnation pressure for selected stagnation isotherms. A comparison 
of the hydrogen and nitrogen data indicate that the plicnomena cncoiuitered in the 
53 L/D 90°-sharp edge inlet tube follow the applied principles of correspendlng 
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states. As such, critical mass flux results determined with fluid nitrogen are ap- 
plicable to fluid hydrogen and vice versa, 

For pressure profiles, the correspondence is not so good. With fluid hydro- 
gen at Pj^ < 1 system control and measurement become quite difficult. Near 
~ iiicipient secondary recompression locus appears to behave as a 
correspoiiding states parameter but at the lower temperatures and Pp < i it 

does not. The approach may need to be modified to accomodate changes in friction 
factor. Here, we find (,see also eqs. (6) and (6)) 

PRq “ ® p- hydrogen 

Pr =3.68T^ nitrogen 


Similar results Were found for the Borda inlet geometry, reference 4, and an 
approximate locus representing those data is given on figure 19. The trend ap- 
pears in the data of figure 19, but system control at these low pressures is dif- 
ficult, sensitivity is lower, and the backpressure becomes a significant part of 
the free jet pressure. The free jet might be expanded through a longer L/D tube 
(lower effective L/D) if the tube were exhausted into a vacuum. 

While unresolved it appears that the effective L/D of eq. (6) should be in- 
creased by 30 percent, and fluid jets do not follow conventional corresponding 



SYMBOLS 

area, cm^ 
constant of eq. (5) 
constant of eq. (6) 
tube diameter, cm 
flow rate, g/cm^-s 
reduced flow rate, G = G/G* 

flow normalizing parameter, 6010 g/cm^-s, tor 

nitrogen^ 1158 g/cm -s, for hydrogen 

tube length, cm 

extension length, cm 

pressure, MPa 


s 
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(P^l f avf^rago pressure,, 

reduced pressure, P/P^, 
ga,s constant, MPa-em'Vg-K 
temperature, K 
reduced temperature, T/T 

c 

o 

specific volume, cm /g 
compressibility, PV/RT 
density, g/cm^ 
surface roughness ratio 

critical 
stagnation 
saturation 

pressure tap locations 

SUMMARY 

In this paper, the effects of free jet phenomena, jetting, in a 90°-sharp edge 
inlet tube have been established and comparisons made to jetting in tubes with 
Borda type inlets. 

1. Jetting can occur when the inlet st agnation pressures are greater than 

the pressure defined by the incipient secondary recompression locus for both 

the 90°- sharp edge orifice tube and the Borda type inletc.-- For smooth tubes, 
these locii are defined by 

Pj^ - C(L/D, e) tJ 
o 


P 

P 

R 

T 

T 

V 

Z 

P 


U 


R 


Subscripts: 

c 

o 

sat 

1,18 


where 


C(L/D, ej ^ Cj(L/D)"^ 

For fluid nitrogen data, the selected values of n, m and are n-7 
m^2.5, ^ 
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Cj •• 1 , 8x10 


-4 


90 - sharp edge inlet 


Cj 1.7x10 Borda type^ inlet 

To uso M, ..dauan for ,)„.d Uydrogen, i. appoara ,hal Iho actual VD ahould be 

increased by 30 pcrcenl. bul Che quesdon Is not el resolved. For speelfle re- 

suits, consult figure 19 . ofewue le- 

2. The mass Ilux in the 80°-sharp edge inlet lubes are perhaps 5 percent 

larger than for Uie Borda Inlet tubes at T„ < 1 . but nearly the same near 
• 1. o 

Eor°da '“S® <"I« hnd 

loJmt ^ states, the fob 

rre“!nee '«»”s'Obs of 

t„bo u - phenomena appear to be common to all simple fluids In 

lubes with inlets ranging from 30°. sharp edge to the Borda type Inlets with the 
primary control at the inlet. 

dltlons ai^d gL“ t”>et sta^iatlon eon- 

re. H' °R " ' fot™® “>a applied eor- 

esponding slates principles and results attained for nuld nitrogen (or hydrogen) 

r^u^r It, ^ “=*“S “"t<t Itydi-ogen 

resets the range of appIleabUlty of tor fluid nitrogen can be at least 
doubled, e. g. , to Pj^ - G for T ' 




0.67. 


d. The pressure profiles, while similar, possess a different locus of 
secondary reeompresslon for hydrogen than for nitrogen indicating that the ex- 
tended pi^ciple may be required and surface toughness needs to he assessed 
be ore a law of correspondence can lie established. Also the free jet expansion 
ly rogen mto a "vacuum" may al,so be required to establish the locus. 
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Rgurej.- Sharp edge inlet. 
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Figure 4. - Schematic of 90° - sharp edge ini<^ ‘-<f section. 
Sh table I for pressure tap locations anr r imenslon i. 
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Figure 5. • Installed test sections. 
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Figure 8. - Reduced critical mass flux tor 90® sharp edge tubes as a 
function of reduced Inlet stagnation pressure for selected Iso- 
therms using fluid nitrogen with l/D • 64. 
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Figure 9. - Axial pressure profiles for 90° sharp edge inlet tubes illustrating incipient secondary recompression using 
fluid nitrogen for L/D « 64 
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Figure 10. - Reduced critical mass flux for 
90° sharp edge tubes as a function of re- 
duced Inlet stagnation pressure lor se- 
lected Isotherms using fluid nitrogen 
with UO • 73. 
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Figure 11. - Axial pressure oroflles for 90° sharp edge inlet tubes illustrating incipient secondary recompression using 
fluid nitrogen for L/D • 73. 
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rigure ix - Reduced critical mass flux for 90° sharp edge tubes as 
a function of reduced Inlet stagnation pressure for selected Iso- 
therms using fluid nitrogen with L/D ■ 105. 






Figure 15. - Intercept values at for incipient 

SKondary recompression in 90° and Borda tubes as 
a function of L/D. 
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Figure U - Reduced critical mass flux for fluio hv- 
drogen in a 53 17D 900 sharp edge inM aV C- 

Sits*' 


O NO JCr EFfECT 

o marginal 

JH EFFECT 

90P-lNlfT TUBE 

BORDA TUBE 



P-'.v.lro.,en in t/D 9(F’ sharp «|ge inlet 


Figure 19. - Fluid /et effects for 



